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CHAPTER!. GENERALINTRODUCTION 
Putting greens are the most labor-intensive areas on golf courses; therefore, they often 
receive the highest inputs of fertilizers and pesticides which contain heavy metals such as 
Copper (Cu). Although Cu is an essential element for plants, there is some danger in an 
accumulation of Cu in the soil of golf course greens due to frequent and prolonged use of Cu-
containing fungicides, organic fertilizers composed of sewage sludge and poultry manure, 
and from irrigation with sewage effluent water (Marschner, 1995). Improper management of 
golf course greens through over-application of heavy metals could become problematic 
because the Cu ion is toxic to plant cells (Ware, 1994). 
Creeping bentgrass (Agrostis palustris Huds.) is the primary cool-season grass grown 
on golf course greens. This species provides the highest quality putting surface of any 
species due to its fine texture and its ability to withstand low mowing heights (Christians, 
1998). In the early days of golf, creeping bentgrass was grown on soil push-up greens; 
however, a shift has been made to green mixtures containing 80 to 100% sand (Christians, 
1998). On sandy soils, unlike highly organic soils, excessive levels of Cu applications 
sometimes result in Cu toxicity in certain plant species (Robson and Reuter, 1981). 
Little research has been conducted to determine the effect of Cu on turfgrass grown in 
high sand content soils. An objective of this research was to study the response of 
'Penncross' creeping bentgrass to high Cu concentrations incorporated into alkaline 
(calcareous) and acidic (silica) sands. A second objective was to analyze shoot and root 
tissue Cu using inductively coupled argon plasma spectrometry (ICAP), and extract Cu with 
three 'universal' soil tests to assess the Cu concentrations in the plant and sand media that are 
necessary to damage 'Penncross' creeping bentgrass. 
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Thesis Organization 
The following thesis consists of a review of relevant literature and two research 
manuscripts prepared in partial fulfillment of the requirements for the degree, Master of 
Science. The first chapter of the thesis is a review of literature for the topics relating to the 
behavior of Cu in soil and plants, and general toxicity of plants caused by excessive Cu. The 
literature review includes: the fractionation of Cu in soils, factors that affect the availability 
of Cu in soils, soil tests used to extract Cu, uptake and distribution of Cu in plants, function 
of Cu in plants, effect of excess Cu on plants, and critical tissue Cu concentrations. The 
second chapter of this thesis is a manuscript to be submitted to Crop Science that reports 
'Penncross' creeping bentgrass response to increasing concentrations of applied Cu in two 
sand/peat growing media. The third chapter is a manuscript to be submitted to 
Communications in Soil Science and Plant Analysis that discusses the effectiveness of soil 
extractants in predicting plant-availability of Cu to 'Penncross' creeping bentgrass. General 
conclusions and acknowledgements follow the second manuscript of this thesis. 
Introduction 
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Literature Review 
Copper in soil 
Copper (Cu), atomic number 29, is the first element of subgroup lB (the first 
transition series) of the periodic table. The electronic structure of the Cu atom is ls1, 2s2, 2p6, 
3s2, 3d10, 4s1• The single 4s electron is outside the filled 3d shell and is rather stable. Like all 
elements of the first transition series (e.g. Cr, Mn, Fe, Co, Ni), two electrons are removed 
relatively easily from Cu atoms (Parker, 1981). 
Cu constitutes 70 mg·kg-1 of the earth's crust, where it is one of the few metallic 
elements to occur in a native (i.e. pure metal) state. In consequence, Cu has been exploited 
by man since 5000 BC, and has, together with iron, been termed one of the cornerstones of 
civilization (Smith, 1965). Chalcopyrite (CuFeS2) is thought to account for about 50% of 
total world Cu deposits. Sulfides (chalco lite, covellite ), oxides (cuprite, tenerite ), carbonates 
(malachite, azunite), sulphates (antlerite, brochantile), and native Cu constitute the bulk of 
other sources (Lepp, 1981). 
In soil systems, Cu occurs as a divalent cation. The univalent state is accessible to 
Cu, but requirements for this state are unlikely to occur in soils (Harter, 1991). In solution, 
Cu readily forms the hexaquo Cu complex [Cu(H20)6] 2+ (Lepp, 1981). Parker (1981) 
concluded that the aquated Cu (II) ion [Cu(H20)6] 2+ is the most relevant Cu species for 
consideration by soil scientists. For the remainder of this thesis, Cu will refer to the 
[Cu(H20)6] 2+ ion. 
Compared to the other agronomically important micronutrients, Cu is probably the 
most versatile due to its ability to interact with soil mineral and organic components. Cu also 
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forms precipitates with sulfides, carbonates, hydroxides, and other anions. Thus, numerous 
forms of Cu are likely to exist in any given soil environment (McBride, 1981). 
The Fractionation of Copper in Soils 
Cu exists in the following forms in soils: (i) as free and complexed ions in soil 
solution, (ii) as a nonspecifically adsorbed cation on normal exchange sites, (iii) as 
specifically adsorbed cations, (iv) as ions occluded mainly in soil carbonates and hydrous 
oxides (Fe, AI, Mn), (v) in biological residues and living organisms (organic matter), and (vi) 
in the lattice structure of primary and secondary minerals (Kline and Rust, 1966; McLaren 
and Crawford, 1973a; Shuman, 1979; Liang et al., 1991 ). The distribution of Cu in these 
forms varies widely in soils as a result of differences in mineralogy' parent material, and 
organic matter content (Reed and Martens, 1996). 
Copper in Soil Solution 
The soil solution is the central focus of soil chemistry, since it is from this medium 
that plants absorb nutrients, and it is the center of all important soil chemical processes 
(Lindsay, 1979). Cu concentrations in the soil solution are usually very low. In surface soils, 
the total Cu concentration is normally only 0.01 to 0.6 flM, owing to the high affinity of Cu 
for sorption by organic and inorganic colloids (Baker and Senft, 1995). Most of the metallic 
micronutrients in soil solution are not in a free ionic form, but are complexed with both 
inorganic and organic ligands (Shuman, 1991). 
Hodgson et al. ( 1966) measured Cu in solution for 20 Colorado soils. Total Cu in 
solution ranged from 3.5 to 39.2 J..Lg-L-1, with an average of 10.8 J..Lg-L-1• However, a large 
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part of the Cu in solution was found to be in association with soluble or organic compounds, 
so that free Cu in solution ranged from 0.0005 to 0.038 J..Lg·L-1, with an average of 0.009 
J..Lg-L-1. 
Nonspecifically Surface Adsorbed and Exchangeable Copper 
Nonspecific adsorption of Cu occurs in soils from ionic bond formation, e.g., by 
electrostatic interaction of the cation with the charge that arises from isomorphous 
substitution (Sposito, 1981). A nonspecifically adsorbed cation is referred to as an 
exchangeable cation held on soil-exchange sites. 
The quantity of exchangeable Cu measured by McLaren and Crawford ( 1973a) was 
< 0.01 to 0.07 mg·kg-1, which only accounted for 1 to 2% of the total Cu in the soil. Kline 
and Rust (1966) found values for exchangeable Cu ranging from 0.2 to 0.5 mg·kg-1. Shuman 
(1979) measured exchangeable Cu values of0.03 to 0.26 mg·kg-1 for eight southeast U.S. 
soils. Only limited information is available on amounts of exchangeable Cu present in 
various soils, because the low amounts of Cu discourages use of exchangeable Cu for 
predicting availability to plants (Barbar, 1995). 
Specifically Adsorbed Copper 
Specific adsorption takes place in soils as the Cu cation reacts with electron pair 
donors (e.g., 0 and N in functional groups) to form bonds with relatively high covalency 
(Reed and Martens, 1996). It results in metal ions being adsorbed to a far greater extent than 
would be expected from the CEC of a soil (Alloway, 1995). In soils, Cu is specifically 
adsorbed by carbonates, soil organic matter, and hydrous oxides of Al, Fe, and Mn (Kabata-
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Pendias and Pendias, 1992). McLaren and Crawford (1973b) showed about 5% of the total 
Cu, 0.03 to 0.6 mg·kg-1, was extracted as Cu specifically adsorbed by the inorganic soil 
fraction. An average of 30% of total soil Cu, 1.1 to 15.8 mg·kg-1, was regarded as 
specifically bound by the soil organic fraction. Specifically adsorbed Cu appears to 
constitute the major Cu reserve that buffers the Cu concentration in the soil solution (Barbar, 
1995). Very small amounts of solution-plus-exchangeable Cu are present in soil and it has 
been suggested that these forms of Cu are in equilibrium with specifically adsorbed forms 
which constitute the bulk of the 'available' Cu reserves (McLaren and Crawford, 1973b). 
Occluded Copper within Oxides and Carbonates 
Occlusion occurs in soils as a layer of AI, Fe, or Mn hydroxide precipitates over Cu 
that is complexed by organic matter or adsorbed by carbonates, hydrous oxides, or 
phyllosilicate surfaces. The occluded cation cannot dissociate in the soil solution (Reed and 
Martens, 1996). Since a relatively small fraction of the total Cu in many soils is isotopically 
exchangeable (McLaren and Crawford, 1974), it is likely that a significant fraction of soil Cu 
is 'buried' in various mineral structures. Calcareous soils, for example, have large fractions 
of non-diffusible Cu in a form that is soluble in dilute acid (Kline and Rust, 1966). Non-
diffusible Cu cannot be adsorbed on surfaces, and therefore is probably present as an 
impurity within carbonate minerals (McBride, 1981). 
Organic Matter 
Organic constituents in soils form soluble and insoluble complexes with Cu 
(McBride, 1981). McBride and Blasiak (1979) reported that due to a great affinity of Cu for 
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organic complexing, soluble organic forms appear to comprise most of the Cu in solution 
over a wide range of pH. A wide variety of compounds are involved, including simple 
aliphatic acids, amino acids, phenolic acids, peptides, proteins, polysaccharides, and humic 
and fulvic acids (Stevenson and Ardak:ani, 1972). 
McLaren and Crawford (1973a) estimated the organically bound form of Cu with 0.1 
M sodium pyrophosphate, where about 20 to 50% of the Cu in 24 soils of diverse types was 
accounted for in organically bound forms. Tessler et al. (1979) found that approximately 
25% of the Cu in two sediments was accounted for in organic forms. Shuman (1979) showed 
that 1 to 68.6% of Cu occurred in organic forms in 10 representative soils of southeastern 
United States. 
Primacy and Secondary Minerals 
The parent material or primary and secondary minerals are precipitates that are highly 
resistant to weathering. Some soil minerals, such as AI, Fe, and Mn hydroxides, carbonates, 
phosphates, and to some extent silicate clays, have a great affinity to bind a part of the soil 
Cu in a non-diffusible form, which is the most stable portion of the metal in soil (Kabata-
Pendias and Pendias, 1992). Soil Cu concentration is markedly affected by the parent 
material from which the soil formed. Soils formed from weathered bedrock have the highest 
Cu content, while soils formed in the unconsolidated lower Atlantic Coastal Plain deposits 
have the least amount of Cu in primary and secondary minerals (Welch et al., 1991). 
McLaren and Crawford (1973a) reported over 50% of Cu extracted from different topsoil 
samples remained in the lattice structure of primary and secondary minerals. 
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Factors that Affect the Availability of Copper in Soils 
pH 
The pH of a soil applies to H+ (ion) concentration in the solution present in soil pores 
which is in dynamic equilibrium with the predominantly negatively charged surfaces of soil 
particles. Hydrogen ions are strongly attracted to the surface negative charges, and they have 
the power to replace most other cations. Therefore, heavy metal cations like Cu are most 
mobile under acid conditions and increasing the pH by liming usually reduces their 
availability (Helyar and Anderson, 1974; Shuman, 1986; Sims, 1986; Li and Mahler, 1993; 
Alloway, 1995). It is likely that the general effect of increasing Cu adsorption in soils due to 
increasing pH results from (i) an increased generation of pH-dependent sites on the soil 
colloids, (ii) reduced competition with H+ ions, and (iii) a change in the hydrolysis state of 
Cu in solution (Jarvis, 1981 b). 
Cavallero and McBride ( 1984) have shown the adsorption of Cu to mineral colloid 
surfaces increases appreciably as soil pH is increased from 4 to 7. Jarvis ( 1981 b) reported 
the specific adsorption of Cu by soils was highly affected by soil pH. As the pH increased 
from 3.5 to 7, Cu sorption to soil minerals increased. In a study conducted by Adams and 
Sanders (1984 ), the concentration of Cu released from a sewage sludge to the supernatant 
solution increased as pH decreased below a threshold value, which was about 4.5 for Cu. 
Above this pH value the Cu content of the solution was small and relatively constant. 
All soil minerals are capable of adsorbing Cu ions from solution and these properties 
depend on the surface charge carried by the adsorbents. The surface charge is strongly 
influenced by pH, therefore, the adsorption of Cu ions can be presented as a function of pH 
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(Kabata-Pendias and Pendias, 1992). Indeed, many scientists have concluded that soil pH is 
the most important factor controlling the plant availability of Cu (Baker and Senft, 1995). 
Association with Organic Material. Oxides. and Carbonates 
The mobility of Cu in biological systems is determined to a very large extent by its 
coordination chemistry; Cu often forms stronger complexes with many organic ligands than 
any other divalent transition metal ions (Parker, 1981). Fractionation studies have shown 
that the largest fraction of soil Cu is that associated with organic matter (Kline and Rust, 
1966; McLaren and Crawford, 1973a; Shuman, 1979). Solid phase ligand formation is 
responsible for Cu deficiencies in organic soils, and for the same mechanism is responsible 
for decreases in Cu toxicity to plants from the addition of peat and other sources of organic 
matter to high Cu substrates (Soltanpour and Schwab, 1977). In a study conducted by 
Brennan et al. (1983), the addition of cereal straw decreased the effectiveness of incubated 
Cu relative to that freshly applied by increasing the amount of Cu unavailable to plants, 
adsorbed or complexed, by reactions with insoluble organic matter. 
Both fractionation studies (LeRiche and Wier, 1963; McLaren and Crawford, 1973a; 
Shuman, 1979) and laboratory sorption studies (McBride, 1981) have indicated that 
considerable portions of Cu in soils may be associated with the oxides of AI, Fe, and Mn. 
Oxides of AI, Fe, and Mn have a significant effect on reactions with Cu in soils because they 
commonly form coatings around Cu ions and have a strong affinity for metal ions (Chao and 
Theobald, 1976). It therefore might be expected that such oxides could play an important 
role in limiting the mobility of Cu in soils and hence its availability to plants (Jarvis, 1981a). 
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Trace elements such as Cu may co-precipitate with carbonates, being incorporated in 
their structure. Carbonates can be the dominant micronutrient sink in a particular soil, with 
the most important mechanisms for regulating Cu behavior by carbonates being related to 
variation of soil pH. Cu reactions with carbonates are most likely to occur in alkaline or 
calcareous soils polluted with Cu (Kabata-Pendias and Pendias, 1992). Non-diffusible Cu in 
calcareous soils is probably present as an impurity within carbonate minerals (Baker and 
Senft, 1995). Chemical reactions in calcareous soils may cause the precipitation or sorption 
of Cu, reducing the concentration of Cu in the soil solution and limiting its potential uptake 
by plants (Mishra and Tiwari, 1966; Street et al., 1978). 
Soil Extractants for Copper 
Soil testing for micronutrients is, in general, a well-established practice, based on 
fundamental principles of soil chemistry, and verified by field and greenhouse research (Sims 
and Johnson, 1991). Bray (1948), and later Viets and Lindsay (1973), suggested that an ideal 
soil test should: (i) extract all or a proportionate part of plant-available form or forms of a 
nutrient from soils with differing properties, (ii) be reasonably accurate and rapid, and (iii) 
correlate well with crop response to applications of the nutrient under various conditions. 
Soil scientists have been striving to improve existing soil tests to predict the loading 
capacities of soils for the elements in order to prevent toxic levels in plants (Dragun and 
Baker, 1982). 
In the United States, there have been great changes in the extractants used in soil 
testing between 1951 and 1983 (Peck, 1990). A shift was made from extractants able to 
predict only one or two nutrients to more multi or 'universal' soil extractants able to predict 
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several elements. Universal soil extractants is a term that has been adopted to designate a 
reagent that can be used to extract more than one class of elements, and/or ions from a soil 
with the concentration found being a means of assessing the soil's fertility status (Jones, 
1990). The advantage of extracting several elements with a single solution has always been 
attractive for routine laboratory work. Using modem equipment such as inductively coupled 
argon plasma emission spectrometry (ICAP) allows the simultaneous determination of 
several elements. The most commonly used universal extractants are know as Morgan, 
Mehlich I, Mehlich III, and AB-DTP A, but there are other multinutrient extractants, such as 
TEA-DTP A (vanRaij, 1994 ). 
Chelating agents such as EDT A and DTP A have been used to an increasing extent to 
provide routine assessments of soil Cu for advisory purposes. According to Lindsay and 
Norvell (1978), chelating agents offer promise for assessing readily available micronutrient 
cations in soils. These reagents combine with free metal ions in solution forming soluble 
complexes and thereby reduce the activities of the free metal ions in solution. In response, 
metal ions desorb from soil surfaces or dissolve from labile solid phases to replenish the free 
metal ions in solution. The amount of chelated metals that accumulates in solution during the 
extraction is a function of both the activity of metal ions in the soil (intensity factor), and the 
ability of the soil to replenish those ions (capacity factor). Both are important at determining 
the availability of elements to plants. Assessments of Cu supply based on chelating agents 
often provide better predictions of plant contents than those based on other extractants 
(Jarvis, 1981a). Currently, universal extractants containing chelating agents used to extract 
Cu from soils include: DTPA-TEA, AB-DTPA, and Mehlich Ill. 
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The DTPA-TEA soil test was developed by Lindsay and Norvell (1969, 1978) to 
identify inadequate concentrations of plant-available micronutrients (Cu, Fe, Mn, Zn) in 
slightly acid and alkaline soils. DTPA (diethylenetriaminepentaacidic acid) was chosen to 
provide effective chelation of a wide spectrum of metal cations. The extracting solution, 
containing 0.01 M CaC12 and buffered at pH 7.3 by TEA (triethanolamine), was designed to 
maintain a relatively constant pH and concentration of Ca2+ in all near-neutral and alkaline 
soils. These conditions were intended to retard dissolution of CaC03 in calcareous soils, and 
to yield clear filtrates by promoting effective flocculation. Further, the equilibrium between 
0.005 M DTP A and free Ca2+ was intended to regulate the activity of the free DTP A ligand, 
and to provide an adequate reserve of DTP A to bind small amounts of the micronutrient 
metals without reducing its capacity to extract additional metals (Norvell, 1984). 
Mehlich ( 1984) modified the existing Mehlich II extractant to develop the new 
Mehlich III soil extractant. Modifications were made to include Cu among the extractable 
nutrients, enhance the wide range of soils for which it is suitable, and to minimize the 
corrosive properties of the Mehlich II extractant. The substitution of nitrate for chloride 
anions, and the addition of the chelating agent EDT A ( ethylenediaminetetraacetic acid) 
accomplished those objectives. Addition of EDTA increased Cu extraction by 170%. The 
Mehlich III extractant is composed of 0.2 M CH3COOH, 0.25 M NH4N03, 0.015 M NH4F, 
0.013 M HN03, and 0.001 M EDT A. 
The ammonium bicarbonate-diethylenetriaminepentaacidic acid (AB-DTPA) soil test 
was developed to extract simultaneously labile N03-N, P, K, Zn, Fe, Mn, and Cu (Soltanpour 
and Schwab, 1977; Soltanpour et al., 1982; Soltanpour, 1991). The extractant has been used 
primarily on alkaline and nearly neutral soils, but should also work satisfactorily on acid soils 
13 
(Makarim and Cox, 1983). It also has been used for extraction of potentially toxic elements 
from soils, mine spoils, and soils treated with sewage sludge (Soltanpour, 1991). The AB-
DTPA solution is 1.0 M NH4HC03, 0.005 M DTPA, and has an initial pH of 7 .6. 
Ammonium ions (NH4 +) replace K+ on the exchange complex which gives a measure of 
exchangeable plus soluble K+. The purpose of the HC03- anion in the extracting solution is 
to extract phosphates and other anions such as sulfates, arsenates, selenates, and molybdates. 
DTPA forms stable soluble chelates with the various metal cations and effectively removes 
them from the soil (Soltanpour, 1991). 
Many studies have been conducted to determine the efficiency and reliability of the 
previously mentioned soil extractants to predict plant-available Cu. Singh et al. (1994) found 
good correlation between Cu extracted by DTPA-TEA and Cu in bermudagrass ( Cynodon 
dactylon) shoot tissue. The extractant was able to predict Cu availability to the plant. Roc a 
and Pomares (1991) showed DTPA-TEA and AB-DTPA to be equally useful as an indicator 
of plant-available metals in soils amended with sewage sludge. Tills and Alloway (1983) 
reported a significant correlation (r = 0.69) between plant Cu uptake of wheat (Tricticum 
aestivum 'Hobbit') and extractability of Cu by the DTP A-TEA extractant. Reed et al. (1993) 
upon evaluating the Cu availability to corn (Zea mays L.) using the Mehlich III extracting 
reagent, found this procedure very promising to detect deficiency and toxicity levels of Cu in 
soils. Other studies have shown opposite results. 
Walworth et al. ( 1992) reported that neither Mehlich III or DTP A-TEA soil 
extractants predicted plant-available Cu. Haddad and Evans (1993) used the AB-DTPA, 
DTP A-TEA, and Mehlich III extractants to predict the Cu uptake of clover (Trifolium 
subterraneum 'Woogenellup'). None of the extractants gave useful relationships between 
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extracted Cu from soil and Cu uptake by the plant. Barbarick and Workman (1987) 
concluded that AB-DTPA and DTPA-TEA may not provide a good correlation to plant levels 
unless relatively large quantities of Cu are applied to the soil. Jarvis and Whitehead (1981) 
showed the DTPA-TEA extractant did not provide a good prediction of the concentration of 
Cu in ryegrass (Lolium sp.) shoots. However, the extractant did provide a good prediction of 
the concentration of Cu in the root tissue of ryegrass. 
Copper in Plants 
Introduction 
Copper was first demonstrated to be an essential element for plant growth in 1931 
(Sommer, 1931; Lipman and MacKinney, 1931). The three criteria as proposed by Bowen 
(1979) for establishing whether or not a trace element is essential for the normal healthy 
growth of plants are: (i) the plant can neither grow nor complete its life cycle without an 
adequate supply of the element, (ii) the element cannot be wholly replaced by any other 
element, and (iii) the element has an influence on the plant and is involved in its metabolism. 
Since 1931, Cu has been shown to act as an important factor in several biochemical processes 
(Lepp, 1981). 
There are many factors that control the amounts of Cu absorbed by plants (Alloway, 
1995). These factors include: (i) the concentrations and speciation of Cu in the soil solution, 
(ii) the movement of Cu from the bulk soil to the root surface, (iii) the transport of Cu from 
the root surface into the root, and (iv) the translocation of Cu from the root to the shoot. The 
following sections will describe the uptake and distribution of Cu in plants, and also the 
function of Cu in plants. 
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Uptake and Distribution of Copper in Plants 
A gentle debate has been sustained over the years, centered on whether absorption of 
micronutrients is 'passive' or 'active' (Graham, 1981). Passive (non-metabolic) uptake 
involves diffusion of ions in the soil solution into the root epidermis. Active uptake takes 
place against a concentration gradient, but requires energy (Alloway, 1995). Cu is thought to 
be either active metabolic uptake, or a combination of both processes (Kabata-Pendias and 
Pendias, 1992). In the case of strongly adsorbed ions such as Cu, absorption may also be 
dependent upon the amount of root produced by the plant (Alloway, 1995). Rates of Cu 
absorption are among the lowest of the essential elements due to the great tendency of Cu to 
bind to organic ligands. The mechanisms of absorption of Cu are far from clear but it seems 
likely that although Cu is almost entirely complexed in the root environment, it dissociates 
from the chelate prior to absorption (Graham, 1981). 
Once Cu is in the plant, due to its affinity for carbonyl, carboxyl, sulfhydryl, and 
phenolic groups, all of which are found in cell walls, there is a strong and specific adsorption 
of Cu to cell walls that is not easily desorbed (Harrison et al., 1979). In roots, high 
concentrations of Cu may be held against transport to shoots under conditions of both Cu 
deficiency and Cu excess (Lonergan, 1981 ). Therefore, the concentration of Cu in roots is 
generally higher than that in the shoots. As the concentration of Cu in the uptake solution is 
increased, the root-Cu concentration increases much more rapidly than in the shoot (Graves, 
1978; Jarvis 1978). The processes regarding the retention of Cu in root cells is not fully 
understood; however, Lonergan (1981) and Tiffin (1972) concluded that excretion of Cu 
from root cells into the xylem and phloem saps where Cu occurs in mobile forms is a key 
process in the Cu nutrition of plants. 
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Function of Copper in Plants 
Cu plays a significant role in several physiological processes. Various Cu proteins 
are important in processes such as photosynthesis, respiration, detoxification of superoxide 
radicals, and lignification (Romheld and Marschner, 1991). According to Sandman and 
Boger (1983) three different forms of proteins exist in which Cu is the metal component: (i) 
blue proteins without oxidase activity, which function in one-electron transfer, (ii) non-blue 
proteins, which represents peroxidases and oxidize monophenols to diphenols, and (iii) 
multi-Cu proteins containing at least four Cu atoms per molecule which act as oxidases. 
Some of the major Cu-containing proteins will be discussed further. 
Plastocyanin is widely found in green plants being an intermediate in the electron 
transport chain of photosynthesis (Walker and Webb, 1981). In general, more than 50% of 
the Cu localized in chloroplasts is bound to plastocyanin (Marschner, 1995). The work by 
Smith ( 1977) on the thylakoid membrane suggests that plastocyanin occupies a position on 
the outside surface of the chloroplast structure. Cu deficiency lowers the content of 
plastocyanin, which results in a decreased photosynthetic electron transport (Romheld and 
Marschner, 1991). 
Superoxide dismutases are widely distributed in biological systems and are thought to 
act as a cellular defense against the toxic superoxide radical generated in a wide range of 
biochemical reactions (Halliwell, 1978). Cu-Zn superoxide dismutases (CuZnSOD) are 
dimeric enzymes with one Cu and one Zn per subunit. The Cu atom is directly involved in 
the detoxification of the superoxide radical generated during photosynthesis (Marschner, 
1995). 
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In mitochondrial electron transport chain, the terminal oxidase, cytochrome oxidase, 
contains two atoms of both Cu and Fe in a heme configuration (Romheld and Marschner, 
1991 ). The activity of the cytochrome oxidase enzyme can be blocked by cyanide; the 
remaining respiratory 0 2 consumption of cells is then mediated by the Cu-containing quinol 
oxidase known as the 'alternate oxidase'. The 'alternative' title describes its function in 
providing a second pathway of ubiquinone oxidation in the mitochondria. This pathway is 
thought to transfer electrons directly from the quinol substrate to molecular oxygen, avoiding 
the cytochrome electron transport chain (Walker and Webb, 1981). 
The inhibition of lignification in Cu-deficient tissue is related to a direct role of at 
least two Cu enzymes in lignin biosynthesis. Polyphenol oxidase catalyzes the oxidation of 
phenolics as precursors of lignin, and diamine oxidase provides the H20 2 required for 
oxidation by peroxidases (Marschner, 1995). 
Copper Toxicity 
Effect of Excess Copper on Plants 
A potential for Cu phytotoxicity from the excess of Cu application exists because 
very small amounts of Cu leach, and because reversion of applied Cu to unavailable forms is 
relatively slow in soils (Martens and Westermann, 1991). Elevated concentrations of Cu 
may develop over time in the soil due to frequent and prolonged use of Cu-containing 
fungicides, organic fertilizers composed of sewage sludge and poultry manure, and from 
irrigation with sewage effluent water (Marschner, 1995). Cu toxicity commonly occurs on 
very acid (pH<5) soils with low cation exchange capacities (Leeper, 1978). On these soils, 
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unlike highly organic soils, high levels of Cu application sometimes result in Cu toxicity in 
sensitive species (Robson and Reuter, 1981). 
Cu is an essential element for all plants, being a constituent of enzymes which 
catalyze oxidative reactions in a variety of metabolic pathways. At high concentrations, Cu 
is toxic to most plants and must be used in discrete dosages or relative insoluble forms to 
prevent killing the plant (Woolhouse, 1983; Ware, 1994). Based on the statements made by 
Woolhouse and Walker (1981), Woolhouse (1983), and Sandman and Boger (1980) the 
processes induced by an excess of Cu on plants may be summarized as follows: (i) reduced 
shoot vigor, (ii) tissue damage and reduced elongation of root cells, (iii) alteration of 
membrane permeability, causing root leakage of ions (e.g. K+, PO/) and solutes, and (iv) 
peroxidation of chloroplast membrane lipids and inhibition of photosynthetic transport. 
Riemer and Motto ( 1980) reported the reduction in clipping yield for creeping 
bentgrass (Agrostis palustris 'Emerald') and annual bluegrass (Poa annuaL.) when soil Cu 
concentrations were 200 mg·kg-1 and the soil pH was 4.8. Sanders et al. (1986) conducted a 
sewage sludge addition study on ryegrass (Lolium sp.) were clipping yield was reduced by 
50% when soil pH decreased from 5.5 to 4.9 and where plant tissue Cu concentration was 
39.2 mg·kt1• Davis and Beckett (1978) grew perennial ryegrass (Lolium perenne L. 'S.23') 
in a sand culture and applied cupric sulfate in a nutrient solution. They found the minimum 
Cu concentration in plant tissue necessary to cause toxicity was 21 mg·kg-1, and at this 
concentration plant yield was reduced. In a study conducted on 'Melle' perennial ryegrass, 
105 mg·kg-1 Cu in soil and 22 mg·kg-1 Cu in plant tissue were the upper critical 
concentrations above which there was decreased clipping yield (Davis and Carlton-Smith, 
1984 ). Lee et al. (1996) reported a reduction in dry matter yield of Kentucky bluegrass (Poa 
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pratensis L. 'Touchdown') when the nutrient solution supplied to the plant contained 4 J1M 
Cu. Biomass yield of buffalo grass (Buchloe dactyloides Nutt. 'Taxoka') was reduced when 
the nutrient solution contained 6 J1M Cu (Jackson et al., 1995). 
Wu and Antovonics (1975) studied the uptake of Cu by Agrostis stoloniferia. They 
showed that there was a strong toxic effect of Cu as measured by root elongation. As 
solution Cu concentrations increased from 0 to 10 JiM, the mean length of the longest root 
decreased from 105 mm to less than 5 mm. Wainwright and Woolhouse ( 1977) showed the 
effect of Cu on the root elongation of colonial bentgrass (Agrostis tenius Sibth.). It was clear 
that Cu was inhibitory to root elongation at all Cu concentrations used. Karataglis ( 1980) 
reported that above normal concentrations of Cu negatively affected cell division and growth 
in roots on non-tolerant clones of colonial bentgrass. A reduction in root growth of 'S.23' 
perennial ryegrass occurred as solutions of Cu(N03) 2•3H20 increased from 0 to 953 mg·kg·' 
Cu (Jarvis, 1978). Roots of plants grown at 953 mg·kg·' Cu were limited to the top 5-6 em of 
the culture pots and had blackened tips. 
In metal sensitive Bladder campion (Silene cucubalus), the addition of a high Cu 
concentration to the nutrient solution instantaneously induced ion leakage by damaging the 
plasmalemma of the root cells (DeVos et al., 1989, 1991). The increased ion permeability 
probably constitutes the primary effect of Cu toxicity and may result from both sulfhydryl 
reactions and lipid peroxidation (DeVos et al., 1991). Potassium leakage from roots of 
Agrostis tenius, used as an index of membrane damage, increased with increasing Cu 
concentration over the range of 0 to 1.0 mM Cu (Wainwright and Woolhouse, 1977). 
Woolhouse ( 1983) reported a 35% inhibition of Pi uptake at 1.0 mM Cu in a non-tolerant 
clone of Agrostis tenius. The apparent inhibition of phosphate uptake when the non-tolerant 
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strain was treated with Cu was probably accountable in terms of an increased rate of 
phosphate leakage rather than any direct effect on the uptake process. 
It was found that Cu ions block photosynthetic electron transport in isolated 
chloroplasts of spinach (Spinacia oleracea). Measurements of absorption spectra of the 
cytochromes and florescence emission data were interpreted in terms of two sites of 
inhibition: on the oxidizing side of PSII and the reducing side of PSI (Woolhouse and 
Walker, 1981). Cu ions may also be responsible for the acceleration ofperoxidative 
degradation of the lipids in the chloroplast membranes. Sandman and Boger (1980) provide 
evidence that Cu ions may be responsible for the peroxidative degradation of lipids in 
chloroplast membranes in vitro. However, it has not been demonstrated that Cu ever 
accumulates in sufficient quantities within chloroplasts in vivo to bring about peroxidative 
degradation of lipids. If Cu does accumulate, then chlorosis through breakdown of 
thylakoids could occur. In any event, where such reactions do occur under Cu toxicity, they 
are of an essentially secondary nature arising at a later stage in the demise of the plant when 
primary barriers to the exclusion or compartmentation of Cu in other organs have broken 
down (Woolhouse and Walker, 1981). 
Critical Copper Tissue Concentrations 
Diagnosis of Cu deficiency and toxicity in plants by symptoms alone is not reliable, 
however, Cu deficiencies and toxicities may be diagnosed by plant analysis (Robson and 
Reuter, 1981 ). The deficiency levels of Cu in shoot tissue of plants show large genetic 
differences; however, Cu levels less than 2 mg·kg-1 are likely to be inadequate for most plants 
(Kabata-Pendias and Pendias, 1992). For most crop species, the critical toxicity 
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concentrations of Cu in the leaves are> 15 to 30 mg·kg-1 (Romheld and Marschner, 1991). 
In several species under wide-ranging conditions, growth was depressed by Cu toxicity 
whenever concentrations in whole shoots exceeded 20 mg·kg-1 (Robson and Reuter, 1981). 
A turfgrass sufficiency range of5 to 20 mg·kg-1 has been proposed, with a minimal 
acceptable tissue level of 5 mg·kg-1 (Turner, 1993). 
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CHAPTER 2. PLANT AVAILABLE COPPER REDUCES SHOOT GROWTH 
AND ROOT DEVELOPMENT OF CREEPING BENTGRASS 
A paper to be submitted to Crop Science 
Michael Faust and Nick Christians*' 
ABSTRACT 
Sand-based golf course greens may contain high copper (Cu) concentrations. Little 
research has been conducted that relates Cu concentration in sand media to turfgrass 
performance. The objectives of this study were to determine the response of greenhouse-
grown creeping bentgrass (Agrostis palustris Huds 'Penncross') to Cu treatments in rooting 
media that ranged from 0 to 600 mg·kg·', and to provide an estimate of potentially toxic plant-
available Cu by use of the DTPA-TEA soil test. Calcareous and silica sands were mixed 
individually with dakota peat moss in a 9:1 (v/v) ratio. 'Penncross' sod plugs were placed on 
the top of pots containing the premixed sand-peat media, and allowed to grow for 12 weeks. 
The silica sand medium pH decreased from 6.8 to 5.4, whereas the pH of the calcareous sand 
medium remained constant between 7.2 to 7.3 as cupric sulfate (CuS04•5H20) concentrations 
increased. The average dry weight of clippings for plants grown in calcareous sand was not 
reduced significantly as Cu treatments increased from control to 600 mg·kg·'. However, the 
average dry weight of clippings for plants grown in silica sand decreased 16% as Cu treatments 
increased from control to 600 mg·kg-1• At the 600 mg Cu·kg·' sand treatments, dry root mass 
was 56% and 48% lower than the control treatments for plants grown in silica and calcareous 
sand, respectively. The DTPA-TEA soil test extracted on average 19% more Cu over all 
treatments from the calcareous as compared to the silica sand medium; yet, plant roots absorbed 
1 Dep. Horticulture, Iowa State Univ., Ames, IA 50011-1100. Contribution as Journal Paper 
No. J- of the Iowa Agric. and Home Econ. Exp. Stn.; Project No. _. Received 
_____ . *Corresponding author (nchris@ iastate.edu). 
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an average 34% more Cu from the silica sand. These results indicated that the DTPA-TEA soil 
test was not a good predictor of potentially toxic plant-available Cu in sand:-based media and 
alternative soil tests should be investigated. 
INTRODUCTION 
Copper (Cu) is an essential element for plant growth and development. The Cu ion is 
influential in plant enzymatic activity, and it performs key functions in plant respiration and 
photosynthesis (Woolhouse and Walker, 1981). Although the presence ofCu in plant tissue is 
necessary, an excess may cause harm. Therefore, Cu must be used in discrete dosages or 
relatively insoluble forms to prevent killing the host plant (Ware, 1994). 
Recently, turfgrass managers have developed an interest in the phytotoxic effects of Cu 
on plants. Elevated concentrations of Cu may develop over time in the soils of golf course 
greens due to frequent and prolonged use of Cu-containing fungicides, organic fertilizers 
composed of sewage sludge and poultry manure, and from irrigation of turf grass with sewage 
effluent water (Marschner, 1995). Cu is rated as a low mobility element because of the high 
affinity of Cu for soil colloids. Cu accumulates on the surface of contaminated soils, and it 
shows little downward migration (McBride, 1994). 
Little research has been conducted that relates Cu concentrations in a high sand root 
zone and shoot and root tissue to turfgrass performance. Previous research has indicated a 
turfgrass shoot tissue sufficiency range of Cu at 5 to 20 mg·kg-1 (Turner, 1993). Soil tests 
have shown Cu at 0.2 mg·kg-1 to be the critical concentration below which Cu deficiency 
symptoms would be expected (Viets and Lindsay, 1973). The proposed maximum acceptable 
concentration of Cu in agricultural soils is 100 mg·kg-1 (Kabata-Pendias and Pendias, 1992). 
Riemer and Motto (1980) conducted a study on a Freehold sandy loam using 'Emerald' 
creeping bentgrass subjected to elevated Cu concentrations. They found no differences in 
clipping yield for plants grown on 200 or 400 mg·kg-1 Cu-treated soil that was limed to pH 
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6.5. Clipping yield was reduced at 200 mg·kg-' Cu on the same sandy loam soil when pH was 
reduced to 4.8, and plants grown at 400 mg·kg-1 Cu died. Sanders et al. (1986) conducted a. 
study on the effects of Cu on ryegrass (Lolium sp.) grown in sewage-sludge contaminated 
soils of different pH. Clipping yield of ryegrass tissue was reduced from 10.6 g to 5.3 g as 
pH decreased from 5.5 to 4.9, respectively. Davis and Beckett (1978) grew perennial ryegrass 
(Lolium perenne L. 'S.23') in a sand culture, and applied cupric sulfate (CuS04 • 5H20) in a 
nutrient solution. They found the minimum Cu concentration in plant tissue necessary to cause 
toxicity was 21 mg·kg-1, and at this concentration, plant yield was reduced. Lee et al. (1996) 
showed that Kentucky bluegrass (Poa pratensis L. 'Touchdown') was damaged at a tissue Cu 
concentration of 63.5 mg·kg-'. 
The general expression of Cu toxicity in whole plants is based on the interaction of 
several factors; however, the basic deleterious effect of Cu on growth is related to the root 
system. Studies conducted by Wainwright and Woolhouse (1975, 1977) showed Cu to be 
inhibitory to root elongation of colonial bentgrass (Agrostis tenius Sibth.) at all Cu 
concentrations used. Jarvis ( 1978) found the dry weight of perennial rye grass roots to 
decrease from 4.5 g at the control to 2.4 g for plants subjected to 953 mg·kg-' Cu. In a study 
conducted by Karataglis (1980), colonial bentgrass plants were grown for 8 din a solution 
containing only 0.5 g-L-' Ca(N03) 2 and transferred to a solution containing 0.25 mg·kg-1 Cu. 
As soon as Cu was applied, non-tolerant plants showed inhibition of root growth. 
This research was initiated to determine the sensitivity of creeping bentgrass to applied 
concentrations of Cu in both silica and calcareous sand/peat media. The specific objectives 
were to: i) measure changes in shoot and root tissue Cu concentration in response to increasing 
soil Cu concentrations, ii) determine the effect of elevated soil Cu concentrations on shoot 
growth and root development, and iii) use the DTPA-TEA soil test to predict potentially toxic 
concentrations of plant-available Cu in calcareous and silica sand media. 
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MATERIALS AND METHODS 
Growing conditions. Studies were initiated 16 July and 3 Dec. 1997. Research was 
conducted in a glass-glazed greenhouse in which air temperature was maintained at 27 ·c 
day/21 oc night± 2 ·c. Natural light was used in the first experiment. An overhead artificial 
light source with an average photosynthetically active radiation (PAR) of 384 J..Lmol·s·1·m·2 
(Quantum/Radiometer/ Photometer Model LI.,.185A, LICOR, Lincoln, Neb.) was supplied in 
experiment two. The duration of each experiment was 12 weeks. 
Sand media. Two sand-based media were used. One sand was calcareous, contained 
95 g·kg·1 CaC03, and had a pH of7.4. The calcareous sand was sieved to remove all particles 
larger than 2 mm. The remaining sand fractions were as follows: 3% very coarse (2.0 to 1.0 
mm), 27% coarse (1.0 to 0.5 mm), 56% medium (0.5 to 0.25 mm), 11% fine (0.25 to 0.15 
mm), and 3% very fine ( 0.15 to 0.05 mm). The other rooting medium was a silica sand with 
a pH of 6.8. Initial screening was not necessary for the silica sand. Sand fractions for the 
silica material were as follows: 25% coarse, 67% medium, 7% fine, and 2% very fine. Both 
sand types were mixed separately with dakota peat moss in a 9 sand: 1 dakota peat (v/v) ratio. 
Treatments of dry cupric sulfate (CuS04 • 5H20) at 0, 200,400, and 600 mg·kg-1 sand were 
hand-mixed with 1200 g of each separate sand and peat medium. The two rooting media then 
were placed into 32 separate 12.7 em diameter plastic pots with a volume of 876 cm3. 
Turfgrass culture. 'Penncross' creeping bentgrass sod was cut into 10.2 em diameter 
circular plugs. The sod plugs were taken to a depth of 7.6 em. A cut was made just below the 
thatch layer to remove sand, peat, and roots of each plug. Sand and peat remaining on the 
plugs were washed from the remaining roots, and the plug was placed on top of the sand-peat 
mix. The pots were placed on a greenhouse mist bench for 2 d and then moved to a climate-
controlled greenhouse. Each experiment was arranged into a split-plot design with sand type 
as main plots and Cu levels as subplots. Both experiments had four replications (pots) per 
treatment. Each pot received 160 ml of distilled water and 50 ml of anN, P, and K fertilizer 
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solution weekly. The fertilizer solution was mixed to provide 2.5, 1.2, and 1.2 g·m-2 N, P, 
and K per month, respectively. Ammonium nitrate, H3P04, and KN03 supplied theN, P, and 
K in the fertilizer solution. 
Dry weight of clippings. Clippings were taken weekly beginning 6 Aug. 1997 and 23 
Dec. 1997, for experiments one and two, respectively. The grass was trimmed to a height of 
0.5 em. Clippings were dried at 67 OC for 48 h. Dry weights of clippings were recorded for 
each pot. 
Dry root mass. Root mass measurements were taken after 12 weeks for both 
experiments. The sod plugs and rooting medium were removed from the greenhouse pots. A 
cut was made just below the thatch layer to remove the shoot, crown, and thatch of the sod. 
Sand, peat, and roots were placed in a water-filled pan, and floating roots were removed. The 
remaining material was poured through a 2-mm screen into a 53-I..Lm screen. Roots caught by 
the 2-mrn screen were removed. The material in the 53-I..Lm screen was removed and placed 
again in the catch pan. The catch pan was filled with water and the material was poured back 
through the 2-mm screen. This screening process was done three times for each pot. Washed 
roots were dried in an oven at 67 OC for 48 h, and oven-dry mass was recorded. Roots were 
ashed at 500 OC for 12 h to remove carbon from each root sample. The final root mass was 
determined by subtracting the ashed root mass from the oven-dry root mass. 
Shoot and root tissue Cu concentration. Shoot tissue samples of plants were collected 
during weeks 3 to 12 and the 10 samples were combined for analysis. Clippings were ground 
to pass a 40-I..Lm screen. Clipping analysis was conducted by dry ashing the tissue samples, 
digesting the samples with 5 rnl of 5 M aqua regia (HCl and HN03, 3:1 v/v), and filtering the 
material through #42 Whatman filter paper. Hot deionized water was used to rinse the material 
through the filter paper. The filtrate was diluted to a 35 rnl volume with deionized water and 
analyzed by inductively coupled argon plasma spectrometry (ICAPIIRIS) (Thermo Jarrel-Ash, 
Inc. Franklin, MA). 
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Root tissue samples collected from experiment two were analyzed for Cu content. 
Ashed root material was digested with 5 m1 of 5 M aqua regia. Copper concentration in the 
root tissue was derived using the same procedure as described above for shoot tissue. Plant 
standards and quality control checks were within 100% ± 5% of the know value. 
pH determination. Samples of the sand and peat rooting medium were removed from 
each pot after the termination of each experiment. Ten ml of CaC12•2H20 were added to 10 g 
of each control and Cu treated sand media. The sand-CaC12•2H20 mixture was stirred 
periodically, and pH was measured after 2 h with a glass calomel electrode as described by 
Thomas (1996). 
Cu analysis of sand media. A portion of sand rooting medium was removed from each 
pot at the end of experiments one and two and was air-dried. Sand particles were sieved at the 
initiation of the two experiments to pass a 2-mm stainless steel screen. The extractant 
contained 0.005 MDTPA (diethylenetriaminepentaacetic acid), 0.01 MTEA (triethanolamine), 
0.01 M CaC12•2H20, and was adjusted to pH 7.3 with HCI. Extractant to soil ratio was 2:1 
(v/w), and the shaking time was 2 h (Lindsay and Norvell, 1978). After extraction, the 
solution was filtered through Whatman #42 filter paper and the filtrate was analyzed for Cu by 
I CAP/IRIS. 
Statistical analysis. Data from experiments one and two were pooled for statistical 
analysis. Data were analyzed by using the ANOV A procedure of SAS (SAS Institute, 1990). 
The sand x block effect was used as an error term to test the significance of the whole unit, 
sand type. Regression analysis was completed by using the general linear model (proc GLM) 
procedure of SAS. Linear and quadratic models were used to determine the best fit of the data. 
Fisher's least significant difference (LSD) test was used to compare treatment means. 
Statistical significance was determined at P ~ 0.05. 
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RESULTS 
Dry weight of clippings. Increasing Cu treatments had no effect on the dry clipping 
weight of plants grown in the calcareous sand. However, in the silica sand, an increase in Cu 
concentration from control to 600 mg·kg-1 decreased average dry clipping weight by 16% 
(Table 1). Dry weight of clippings differed significantly between the two sand media. The 
calcareous medium produced plants having an 8% higher average dry clipping yield than plants 
grown in silica sand at all Cu treatments. Dry weight of clippings was significantly reduced for 
plants grown in silica sand when Cu concentration was greater than 200 mg·kg-1• 
Shoot and root tissue Cu concentration. Plants grown in the silica sand control pots 
had a mean Cu concentration of 10.3 mg·kg-1 (Figure 1). Tissue Cu concentration of plants 
increased 46% as Cu treatments increased from the control to the 400 mg·kg-1 Cu level. 
Concentration of Cu in the shoot tissue of plants grown on calcareous sand increased 30% 
from the control to the 400 mg·kg-1 Cu sand level. Tissue Cu concentrations were on average 
25% higher for plants grown in silica sand compared to plants grown in the calcareous sand 
medium. 
Cu concentration in root tissue increased with increasing amounts of applied Cu 
(Figure 2). Plants grown in silica sand control pots had a mean root tissue Cu concentration of 
19.3 mg·kg-1• The mean Cu concentration of roots reached a maximum of 4727 mg·kg-1 at the 
450 mg·kg-1 sand level. Root tissue Cu concentration of plants grown in calcareous sand 
increased linearly as Cu was applied to the sand (Figure 2). Mean root tissue Cu concentration 
for plants grown in calcareous sand control pots was 12.3 mg·kg-1• Root tissue Cu 
concentration increased to 3757.5 mg·kt1 at the 600 mg·kg-1 Cu treatment. Root tissue Cu 
concentrations were on average 34% higher for plants grown in silica sand. 
Dry root mass. Mean dry root mass of plants grown in silica sand decreased as sand 
Cu concentration increased (Figure 3). Dry root mass declined by 56% for plants grown in 
control pots to those grown at the 600 mg·kg-1 Cu sand level. Plants grown in the calcareous 
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sand medium also showed decreased root development as sand Cu concentration increased 
(Figure 3). Dry root mass declined by 50% for plants grown in control pots to those grown at 
the 400 mg·kg·' Cu treatment. Root development of plants grown in both sand media was 
significantly reduced as sand Cu concentrations increased from control to the 200 mg·kg·' Cu 
treatment level. 
pH determination. The pH of the silica medium decreased as more CuS04•5H20 was 
added to the sand. The silica sand medium had lower pH values as compared with the 
calcareous sand medium. Mean pH values of the 0, 200, 400, and 600 mg·kg·' Cu silica sand 
treatments were 6.8, 5.8, 5.6, and 5.4, respectively, whereas the mean pH values of the 0, 
200, 400, and 600 mg·kg·' Cu calcareous sand treatments were 7.3, 7.3, 7.3, and 7.2, 
respectively. 
Cu analysis of sand media. DTPA-TEA extractable Cu concentrations increased as 
higher concentrations of Cu were applied to each sand medium. Cu extracted from the 
calcareous sand increased linearly as more Cu was added (Fig. 4). Cu concentrations in 
calcareous sand ranged from 1.2 mg·kg-' in the control to 491.3 mg·kg·' in the 600 mg·kg·' Cu 
treatment. Silica sand samples had mean DTPA-TEA extractable Cu concentrations that ranged 
from 0.7 mg·kg·' in control pots to 355.5 mg·kg·' Cu in pots treated with 600 mg Cu·kg·' sand 
(Figure 4). DTPA-TEA extractable Cu concentrations were similar for the two media at the 
control, 200, and 400 mg·kg-1 Cu treatment levels. Extractable Cu was 28% higher for the 
calcareous sand mixture at the 600 mg·kg·' sand Cu level when compared with Cu extracted 
from the silica sand. 
DISCUSSION 
Dry weight of clippings from plants grown in calcareous sand was not significantly 
reduced at any Cu concentration. However, the dry clipping yield was reduced by increased 
Cu for plants grown in silica sand. Similar patterns in clipping yield reduction of turf grass 
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with increased Cu availability due to decreased soil pH have been reported (Riemer and Motto, 
1980; Sanders et al., 1986; Jarvis, 1978). Besides the effect of pH on the availability of Cu to 
the plant, an interaction between Cu and CaC03 present in the calcareous sand may have 
prevented the significant reduction in clipping yield that occurred for plants grown in silica 
sand. The affinity of carbonates to precipitate Cu is the most common reaction rendering a 
lower activity of Cu in soils within the alkaline range of pH, and thereby reducing the potential 
toxicity of the metal (Kabata-Pendias and Pendias, 1992). 
Root development of 'Penncross' creeping bentgrass grown in calcareous and silica 
sand media decreased as Cu concentration increased. The reduction in root growth of 
turfgrasses have been shown by others (Jarvis, 1978; Wainwright and Woolhouse, 1975, 
1977; Karataglis, 1980). Inhibition of root elongation and damage to the plasma membrane of 
root cells, as reflected by enhanced potassium efflux, are immediate responses to high copper 
supply (Baker and Walker, 1989). 
The root tissue of plants grown in either sand medium contained extremely high Cu 
concentrations. Plants grown in silica sand had an average 34% more Cu in root tissue 
compared to plants grown in calcareous sand. Ouzounidou et al. ( 1995) and Lindon and 
Henriques (1992) have reported similar excessive root tissue Cu concentrations in maize (Zea 
mays L.) and rice (Oryza sativa L.), respectively. The upper shoot tissue Cu sufficiency level 
of 20 mg·kg-1 dry tissue as reported by Turner (1993) for grasses was never exceeded in this 
study. In plants receiving a large supply of Cu, the Cu content in the root tissue rises 
proportionally to the concentration of Cu in the external medium, whereas transport to the 
shoot is still highly restricted (Marshner, 1995). Our research has shown that shoot tissue Cu 
concentration may not be a conclusive indicator of Cu toxicity in 'Penncross' creeping 
bentgrass. 
The DTPA soil test was developed to identify inadequate and excessive concentrations 
of plant-available micronutrients (Cu, Fe, Mn, Zn) in slightly acid and alkaline soils (Lindsay 
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and Norvell, 1978; Norvell, 1984; O'Connor 1988; Korcak and Fanning, 1978). The DTPA-
TEA method extracted Cu that was highly related to applied Cu. However, the extractant did 
not correctly predict the amount of Cu available for plant uptake. Similar and frequently higher 
concentrations of Cu were extracted from the calcareous sand as compared to the silica 
medium. These results indicate that plants grown in the calcareous medium should have had 
equal or more Cu in shoot and root tissue than plants grown in silica sand. This research has 
shown higher shoot and root tissue Cu concentrations for plants grown in silica sand. The 
limitations of the DTP A-TEA micronutrient soil test to adequately predict plant -available Cu 
suggests that an alternative soil extractant might be more suitable. 
An accumulation of Cu in a sand-based golf course green has the potential to harm 
creeping bentgrass. Developmental problems such as reduced shoot growth and root 
elongation of plants may cause concern for the turfgrass manager. Shoot tissue Cu 
concentration was not a good indication of toxicity in 'Penncross' creeping bentgrass, therefore 
it is necessary to find or develop a soil test able to predict potentially toxic plant-available Cu in 
high sand content greens. 
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Table 1. Mean weekly dry weight of clippings and analysis of 
variance of 'Penncross' creeping bentgrass grown in two sand 
media. Clipping samples were taken during weeks 3 to 12 and 
averaged over four replications. Data from experiment one and 
two were pooled for regression analysis. 
Dry weight of clippings t 
Cu treatments Calcareous sand Silica sand 
k -l -mg· g- mg 
0 161 t 155 
200 149 141 
400 148 137 
600 147 130 
Linear NS * 
Quadratic NS NS 
tDry weights of clippings for each treatment was determined by 
removing the grass samples at the top of each pot with a scissors. 
Clippings were collected and dried at 67 OC for 48 h. 
*LSDco.osJ = 14.3 for the interaction LSD comparison of all clipping 
means according to Fisher's least significant difference test. 
Ns, *Nonsignificant or significant at P~0.05, respectively. 
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CHAPTER 3. AB-DTPA AND MEHLICH III SOIL TESTS UNABLE TO PREDICT 
COPPER AVAILABILITY TO CREEPING BENTGRASS 
A paper to be submitted to Communications in Soil Science and Plant Analysis 
Michael Faust and Nick Christians*' 
ABSTRACT 
Copper (Cu) can be toxic to creeping bentgrass (Agrostis palustris 'Penncross') grown 
in sand-based systems. Plant analysis is not always a reliable predictor of toxic levels of Cu 
in these sand-based systems. Therefore, there is need for soil analysis to detect potentially 
toxic Cu concentrations in soil. The objective of this research was to determine the 
effectiveness of AB-DTPA and Mehlich III soil tests to assess Cu availability to 'Penncross' 
creeping bentgrass grown in calcareous and silica sand/peat media. Samples of sand/peat 
were removed from greenhouse pots, air-dried, and Cu was analyzed by inductively coupled 
argon plasma spectrometry (ICAPIIRIS). Correlations were made between extracted Cu, and 
Cu in the shoot and root tissue of the plant. AB-DTPA extractable Cu was 24% and 42% 
higher for the calcareous sand at the 400 and 600 mg·kg·' Cu treatments, respectively, when 
compared with Cu extracted from the silica sand. The Mehlich III soil test extracted 25% 
more Cu at the 400 mg·kg·' Cu treatment and 37% more Cu at the 600 mg·kg·' Cu treatment 
from the calcareous as compared to the silica medium. Shoot and root tissue Cu 
concentrations were higher at all Cu treatment levels for plants grown in silica sand. 
1 Dep. Horticulture, Iowa State Univ., Ames, lA. 50010-1100. Contribution as Journal Paper 
No. J- of the Iowa Agric. and Home Econ. Exp. Stn.; Project No. _. Received 
_____ . *Corresponding author (nchris@iastate.edu). 
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Although correlations were significant between Cu extracted from both sands by the AB-
DTP A and Mehlich III soil tests and Cu in the shoot and root tissue of plants, these 
extractants were unsuccessful in determining Cu availability from the two sand medium. 
This research indicates a need for a soil test which can be effectively used to extract plant-
available Cu from sand-based systems. 
INTRODUCTION 
Creeping bentgrass is often grown in sand-based systems ranging from silica media, 
which are generally acidic, to calcareous sands that are alkaline. Research has shown Cu can 
be toxic to 'Penncross' creeping bentgrass grown in these systems (Faust and Christians, 
unpublished data). Shoot growth for plants grown in silica sand decreased 16% as Cu 
treatments increased from control to 600 mg·kg-'. At the 600 mg·kg-1 sand treatments, dry 
root mass was 56% and 48% lower than the control treatments for plants grown in silica sand 
and calcareous sand, respectively. 
Shoot tissue Cu concentration is not a conclusive indicator of Cu toxicity in 
'Penncross' creeping bentgrass. Rhoads et al. (1989) reported previously that tissue Cu 
concentration did not predict Cu toxicity in tomatoes (Lycopersicon esculentum Mill.). Cu 
soil analysis and pH proved to be better indicators of Cu toxicity. Lonergan (1981) reported 
that high concentrations of Cu may be held against transport from roots to shoots under 
conditions of both Cu deficiency and excess. These results indicate the importance of soil 
tests to provide indication of potentially toxic levels of Cu in soils. 
In the earlier study, the DTPA-TEA (diethylenetriaminepentaacidic acid-
triethanolamine) soil test (Lindsay and Norvell, 1978) was used to extract plant-available Cu 
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to 'Penncross' creeping bentgrass. This soil test was unable to adequately predict Cu 
availability to plants grown in the two sand media. It was suggested that an alternative soil 
extractant might be more suitable to determine the Cu availability to plants grown in high 
sand content soils. 
The ammonium bicarbonate-DTPA (AB-DTPA) soil test was developed to 
simultaneously extract N03 - N, P, K, Zn, Fe, Mn, and Cu (Soltanpour and Schwab, 1977; 
Soltanpour et al., 1982; Soltanpour, 1991). DTPA was selected as the chelating agent 
because it offers the most favorable combination of stability constraints for the simultaneous 
complexing of Fe, Zn, Mn, and Cu (O'Connor, 1988). The extractant has been used 
primarily on alkaline and neutral soils, but it should work satisfactorily on acid soils as well. 
(Makarim and Cox, 1983). Also, the extractant has been used for determination of 
potentially toxic elements from soils, mine spoils, and soils treated with sewage sludge 
(Soltanpour, 1991). Makarim and Cox (1983) considered AB-DTPA satisfactory to evaluate 
Cu availability in soils for corn (Zea mays L.) and wheat (Tritium aestivum ). Roca and 
Po mares (1991) reported that the chelate-based extractant AB-DTP A was a useful indicator 
of plant available Cu to potato (Salanum tuberosum L. 'Desiree') plants. 
The Mehlich III soil test was developed in 1984 with the combination of dilute acids 
and salt with EDT A ( ethy lenediaminetetraacetic acid). The addition of the chelating agent 
EDTA increased Cu extraction by 170% over the Mehlich I extractant (Mehlich, 1984). 
Because Mehlich I was not suitable for neutral and alkaline soils, the method was modified 
as Mehlich II and then as Mehlich III so that it could be used over a wide range of soil pH to 
measure macro and micronutrients (Zhu and Alva, 1993). Upon evaluating the Cu-
availability to corn using the Mehlich III extracting reagent, Reed et al. ( 1993) found this 
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procedure very promising to detect deficiency and toxicity levels of Cu in soils. The Mehlich 
III soil extractant proved to be one of the best procedures in evaluating Cu-availability to 
'IAC-287' wheat plants in Brazilian soils (de Abreu et al., 1996). 
Most of the work using chemical extractants to assess Cu availability has been on 
field soils. Little research has been done to determine available Cu in sand-based systems. 
The objective of this study was to compare the effectiveness of AB-DTPA and Mehlich III as 
extractants to assess Cu availability to 'Penncross' creeping bentgrass grown in Cu-treated 
calcareous and silica sand media. 
MATERIALS AND METHODS 
Greenhouse experiments, each lasting 12 weeks, were initiated 16 July and 3 Dec. 
1997. Two sand-based media were used. One sand was calcareous, containing 95 g·kg-1 
CaC03 , and having a pH of 7.4. The calcareous sand was sieved to remove all particles 
larger than 2 mm. The other rooting medium was a silica sand with a pH of 6.8. Initial 
screening was not necessary for the silica sand. Both sand types were mixed separately with 
dakota peat moss in a 9 sand: 1 dakota peat (v/v) ratio. Treatments of dry cupric sulfate 
(CuS04 • 5H20) at 0, 200, 400, and 600 mg·kg-1 sand were hand-mixed with 1200 g of each 
separate sand and peat medium. The two rooting media then were placed into 32 separate 
12.7 em diameter plastic pots with a volume of 876 cm3. 
'Penncross' creeping bentgrass sod was cut into 10.2 em diameter circular plugs. The 
sod plugs were taken to a depth of 7.6 em. A cut was made just below the thatch layer to 
remove sand, peat, and roots of each plug. Sand and peat remaining on the plugs were 
washed from the remaining roots, and the plug was placed on top of the sand-peat mix. The 
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pots were placed on a greenhouse mist bench for 2 d and then moved to a climate-controlled 
greenhouse. Each experiment was arranged into a split-plot design with sand type as main 
plots and Cu concentrations (treatments) as subplots. Each experiment had four replications 
(pots) per treatment. 
Samples of calcareous and silica sand media used in the above-mentioned research to 
grow 'Penncross' creeping bentgrass, were removed from pots at the termination of each 
experiment and air-dried. Cu was extracted from the sand media using the following 
extractants and extracting procedures: 
Ammonium bicarbonate-(AB-DTPA) Method: The extractant contained 0.005 M 
DTPA (diethylenetriaminepentaacetic acid), 1.0 M NH4 HC03, and was adjusted to pH 7.6 
with HCl. The extractant to sand ratio was 2:1 (v/m), and the shaking time was 15 min 
(Soltanpour and Schwab, 1977: Soltanpour et al., 1982; Soltanpour, 1991). Nebulizer 
clogging caused by the precipitation of carbonates and/or bicarbonates was alleviated by 
adding 4 ml of 0.5 M HN03 and 1 ml of the extractant/sand filtrate (Soltanpour et al., 1979). 
Mehlich III Method: This extractant contained 0.2 M CH3 COOH, 0.25 M NH4N03 , 
0.015 M NH4F, 0.013 M HN03, and 0.001 M EDTA (ethylenediaminetetraacetic acid). No 
pH adjustment was necessary. A 2.5 cm3 sample of sand and 25 ml of the extractant solution 
were placed in a 100 ml plastic extraction bottle and the mixture was shaken for 5 min 
(Mehlich, 1984 ). 
After shaking, suspensions of extracting solution and sand were poured through 
Whatman #42 filter paper for both methods. The filtrate was analyzed for Cu by inductively 
coupled argon plasma spectrometry (ICAP/IRIS) (Thermo Jarell Ash, Inc. Franklin, MA). 
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Data from experiments one and two were pooled. Statistical significance (P:::;;0.05) 
was determined using the ANOVA procedure of SAS (SAS Institute, 1990). The general 
linear model (Proc GLM) procedure of SAS was used to conduct regression analysis. Linear 
and quadratic models were used to determine the best fit of the data. Pearson's correlation 
coefficient (r) was used to relate shoot and root tissue Cu concentration with extractable Cu 
from the sand media. Fisher's least significant difference (LSD) test was used to compare 
treatment means from the two sand media. 
RESULTS 
Cu extracted from calcareous sand using the AB-DTPA soil test increased from a 
mean of 1.5 to 512.3 mg·kg-1 for control and 600 mg·kg-1 Cu treatments, respectively 
(Figure 1). Mean Cu concentration in silica sand ranged from 0.9 mg·kg-1 in the control to 
298.4 mg·kg-1 at the 600 mg·kg-1 Cu treatment. Cu concentrations extracted from the 
calcareous sand were higher than Cu extracted from the silica medium at all treatment levels. 
Extractable Cu was 24% and 42% higher for the calcareous sand at the 400 and 600 mg·kg-1 
Cu treatments, respectively, when compared with Cu extracted from the silica sand. 
Mehlich III extractable Cu from calcareous sand was higher than Cu extracted from 
silica sand for all Cu treatments. Calcareous sand samples had mean Mehlich III extractable 
Cu concentrations that ranged from 1.4 mg·kg-1 in control pots to 508.2 mg·kg-1 Cu at the 600 
mg·kg-1 Cu treatment (Figure 2). Cu extracted from silica sand increased from 0.8 to 321.9 
mg·kg-1 Cu at the control and 600 mg·kg-1 treatments, respectively. The Mehlich III soil test 
extracted 25% and 37% more Cu from the calcareous sand as compared to the silica media at 
the 400 and 600 mg·kg-1 Cu treatments, respectively. 
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Cu extracted by the AB-DTPA and Mehlich III soil tests were well correlated with Cu 
in the shoot and root tissue of 'Penncross' creeping bentgrass (Table 1). The Mehlich III 
extractant showed better correlation than the AB-DTPA method for shoot and root tissue in 
the calcareous sand. A higher correlation was shown by the AB-DTPA method for shoot and 
root tissue of plants grown in the silica sand. Both extractants provided higher (r) values for 
the shoot tissue of plants grown in silica sand. However, the Mehlich III and AB-DTPA 
extractants provided higher (r) values for the root tissue of plants grown in the calcareous 
medium. 
The AB-DTPA and Mehlich III soil tests extracted from each Cu treatment an 
average 27% and 28% more Cu, respectively, from the calcareous sand as compared to the 
silica sand medium (Figures 1 and 2). Yet, shoot and root tissue Cu concentrations for each 
Cu treatment were on average 25% and 34% higher, respectively, for plants grown in silica 
sand as opposed to those grown in the calcareous medium (Table 2). These results show that 
even though Cu extracted by the AB-DTPA and Mehlich III soil tests were highly correlated 
with Cu in the shoot and root tissue of 'Penncross' creeping bentgrass, the two soil tests did 
not adequately predict plant-available Cu. 
DISCUSSION 
Calcareous and silica sand media are commonly used to grow creeping bentgrass. 
Previous work has shown that Cu toxicity is a potential problem to plant growth in sand-
based systems (Faust and Christians, unpublished data). In the earlier study, the DTPA-TEA 
soil test was unable to predict Cu availability to 'Penncross' creeping bentgrass grown in 
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calcareous and silica sand media. Similar results were found in this research using the AB-
DTPA and Mehlich III soil tests. 
Plants grown in silica sand had higher shoot and root tissue Cu concentrations at all 
Cu treatment levels. The AB-DTPA and Mehlich III soil tests extracted higher 
concentrations of Cu from the calcareous sand rather than from the silica medium. These 
results indicate that more Cu was available for uptake by plants grown in calcareous sand; 
however, this was not shown in the shoot and root tissue Cu concentration data. Similar 
patterns of unreliable soil test results were reported by Barbarick and Workman (1987). 
Shoot tissue Cu concentrations were lower for Swiss chard (Beta vulgaris L. 'Fordhook 
Giant') plants grown in calcareous soil compared to plants grown in acidic soils. Higher AB-
DTP A Cu concentrations were extracted from the calcareous soil indicating that plants grown 
in the calcareous soil should have higher shoot tissue Cu concentrations. Singh and Narwal 
(1984) have also shown soil tests to be poor indicators of heavy metal availability to plants. 
It is difficult to determine why a soil test may or may not be successful in predicting 
plant-available Cu. For some micronutrient soil tests, interpretation is complex and may 
consider one or more other soil chemical or physical properties (e.g. clay and sand content, 
pH, organic matter) (Cox, 1987). These complexities usually arise when element availability 
is influenced by soil reactions such as surface adsorption, oxidation-reduction, co-
precipitation, or hydration (Sims and Johnson, 1991). Chemical reactions in calcareous soils 
may cause the precipitation or sorption of Cu reducing its concentration in the soil solution 
and limiting its potential uptake by plants (Mishra and Tiwari, 1966; Street et al., 1978). Zhu 
and Alva (1993) reported that in sandy soils, Cu extracted by AB-DTPA and Mehlich III 
contain most of the readily soluble and the organically bound forms as well as a small 
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fraction of the precipitated and residual forms. The AB-DTP A and Mehlich III soil tests may 
extract fractions of Cu from calcareous soils that are not readily available to plants, resulting 
in an over-estimation of plant-available Cu. 
Research has shown the AB-DTPA and Mehlich III soil tests to give accurate 
estimation of plant-available Cu in agricultural soils. However, these soil tests do not seem 
effective for use in sand media. This indicates the need for a soil test which can be used to 
extract plant-available Cu from a variety of sand-based systems such as those used in golf 
course greens and athletic fields. 
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Table 1. Correlation coefficient values (r) and linear regression equations showing relationship 
between Cu extracted from calcareous and silica sand, and Cu concentration in shoot and 
root tissue of 'Penncross' creeping bentgrass. 
(r) valuest Linear regression equations+ 
Soil extractants Calcareous Silica Calcareous Silica 
Shoot tissue 
AB-DTPA 0.50* 0.72*** y = 10.4 + 0.01x y = 11.9 +0.02x 
Mehlich III 0.57** 0.67*** y = 10.1 + 0.01x y = 11.5 + 0.03x 
Root tissue 
AB-DTPA 0.96*** 0.88*** y = 237.6 + 6.9x y = -27.9 + 11.2x 
Mehlich III 0.98*** 0.85*** y = 171.9 + 7.0x y = -22.1 + 10.6x 
t*, **,***Significant at P~0.05, 0.01, and 0.001, respectively. 
+ y = Cu in shoot and root tissue; x = Cu extracted from the sand media. 
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Table 2. Mean shoot and root tissue Cu concentrations of 'Penncross' creeping bentgrass 
grown in calcareous and silica sand media. 
Shoot tissue Root tissue 
Cu treatments Calcareous Silica Calcareous Silica 
k -1 -mg· g- mg·kg-1 
0 9.1 10.3 12.4 19.3 
200 12.8 18.4 1815.0 3765.0 
400 13.0 19.0 2772.5 4152.5 
600 12.4 17.9 3757.5 4347.5 
LSD(o.os/ 1.9 1.9 599.5 599.5 
tFor the interaction LSD comparison of shoot and root tissue Cu means according to 
Fisher's least significant difference test. 
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CHAPTER 4. GENERAL CONCLUSIONS 
'Penncross' creeping bentgrass, grown in calcareous and silica sand using a 9 sand: 1 
dakota peat moss (v/v) ratio, was subjected to Cu concentrations up to 600 mg·kg-1• The type 
of sand medium where plants grew were determining factors in the availability of the Cu ion. 
Heavy metal cations like Cu are generally most mobile under acid conditions, and increasing 
the pH usually reduces their availability (Heylar and Anderson, 1974; Shuman, 1986; Sims, 
1986; Li and Mahler, 1993; Alloway, 1995). Chemical reactions in calcareous soils may 
cause the precipitation or sorption of Cu, which reduces its concentration in the soil solution 
and limits its potential uptake by plants (Mishra and Tiwari, 1966; Street et al., 1978). 
Cu concentration in the shoot and root tissue of 'Penncross' creeping bentgrass was on 
average 25% and 34% higher at all Cu treatments, respectively, for plants grown in the more 
acidic silica sand. As pH dropped below 5.6 and Cu concentrations increased to 200 mg·kg-1, 
shoot growth of plants grown in silica sand was reduced significantly. Root development 
was reduced by the high concentrations of Cu in both sand media. Baker and Walker ( 1989) 
reported that inhibition of root elongation and damage to the plasma membrane of root cells 
are immediate responses to high Cu supply. In this research, sand Cu concentrations 
approaching 200 mg·kg-1 decreased root development of 'Penncross' creeping bentgrass. 
Plant analysis showed the Cu concentration of shoot tissue to always be within turfgrass 
sufficiency range (5 to 20 mg·kg-1). Restricted movement of Cu from the root to the shoot 
inhibited the use of shoot tissue Cu concentration in predicting Cu toxicity to plants. Since 
plant analysis is not always reliable as a predictor of polluting levels of Cu in soils (Dragun 
and Baker, 1982; Rhoads et al., 1989), it is important to conduct soil tests for the prediction 
of excessive Cu levels in the sand media. 
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DTPA-TEA (Lindsay and Norvell, 1978), AB-DTPA (Soltanpour and Schwab, 1977; 
Soltanpour et al., 1982; Soltanpour, 1991), and Mehlich III (Mehlich, 1984) soil tests were 
used to determine the Cu availability to plants. These soil tests were designed to extract 
plant-available Cu fractions from soil. In general, more Cu was extracted from the 
calcareous as compared to the silica sand at every Cu treatment. As mentioned earlier, shoot 
and root tissue Cu concentrations were higher for plants grown in silica sand. Therefore, it 
would be expected that higher Cu concentrations should have been extracted from the silica 
sand. Although significant correlations were found between extracted Cu, and Cu in plant 
tissue, the three soil tests were unable to accurately predict potentially toxic levels of 
available Cu to 'Penncross' creeping bentgrass. 
This research has shown that the accumulation of Cu in sand-based media will 
damage 'Penncross' creeping bentgrass. Developmental problems such as reduced shoot 
growth and root elongation can be expected to occur. Since tissue Cu concentration is not a 
reliable indicator of toxic levels of Cu in the soil, it is necessary to use a soil test to determine 
excessive Cu concentrations available for plant uptake. All of the methods used in this 
research were unsuccessful predictors of Cu availability to plants grown in calcareous and 
silica sand. Future research is needed to develop a soil test which can effectively extract and 
predict toxic levels of plant-available Cu from a variety of sand-based systems. 
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